Preliminary agglutination and precipitin tests to which 60 newly isolated strains of Pseudomonas aeruginosa were submitted confirmed the existence of at least five serological groups. Ouchterlony precipitin tests and immunoelectrophoresis experiments, made with the concentrated trichloroacetic acid extracts of eight strains representative of these groups, revealed the antigenic heterogeneity of this species while the presence of at least 12 antigens was demonstrated. One of these was common to seven of the eight strains. Each of five strains, representative of five different serological groups, possessed at least one antigen peculiar to itself. The remaining ones appeared to be distributed at random among the strains. At least three different antigens migrated towards the positive electrode, of which two appeared to be electrophoretically inhomogeneous.
INTRODUCTION
Various attempts have been made to differentiate between members of Pseudomonas aeruginosa by determining intraspecific variations (Seleen & Stark, 1943 ; Holloway, 1960; and others) . Grouping of strains of this species on the basis of antigenic structure has also attracted much attention (Aoki, 1926; Sandiford, 1937; Gaby, 1946; Mayr-Harting, 1948; Christie, 1948 ; Munoz, Scherago & Weaver, 1949; Homma, Sagehashi & Hosoya, 1951 ; Verder & Watt, 1953; Gould & McLeod, 1960) and might be expected to provide a means for detecting minor differences between strains. Agglutination tests, however, have given rather disappointing results, partly because of diiliculties in distinguishing flagellar from somatic antigens (see for example MayrHarting (1 948) and some experiments briefly reported in the present paper). Precipitin tests made with bacterial extracts (van den Ende, 1952; Kohler, 1957) , though useful and more precise, cannot be regarded as providing a perfect criterion for comparison of strains because they fail to reveal the number of antigens forming the precipitate of which the nature can only be elucidated by comprehensive absorption experiments.
The present paper describes the application of the gel precipitin test (Ouchterlony, 1949 (Ouchterlony, , 1953 to this problem. As the interpretation of Ouchterlony experiments is not always straightforward, confirmation of the results was sought by immuno-electrophoresis (Grabar & Williams, 1955; Cleve & Schwick, 1957; Hirschfeld, 1959 Hirschfeld, , 1960 Lapresle, Kaminsky & Tanner, 1959) . Though used to examine only a few strains of For precipitin tests the extracts were diluted 1/2 in 0.87 % (w/v) NaCl solution and the antisera 1/10 in 0.87 % (w/v) NaCl containing 5 % (w/v) sucrose. Every 5 min., for 2 hr, the tubes were examined for rings of precipitate at the interface and, after being left overnight at room temperature, for precipitates which had settled.
In the second series of experiments cross-agglutination tests, both H and 0, were made with H and 0 suspensions of the homologous strains and the new antisera (see next section). Antiserum dilutions of 1/100 were used. The newly prepared H antisera and TCA extracts of the homologous strains were used in cross-precipitin tests. Antiserum dilutions of 1/10 were used against 1/2 dilutions of the extracts. Preparation of immune sera. H and 0 immune sera were prepared from 14 strains, thought on the basis of preliminary tests to include at least one representative of the groups of van den Ende (1952). H antisera were prepared against formalinized whole organisms and 0 antisera against organisms which had been heated and treated with ethanol as described by van den Ende (1952), one rabbit being used for each suspension.
The sera were sterilized by filtration, preserved with thiomersalate (0.01 %, w/v) and tested by agglutination of homologous H and 0 bacterial suspensions.
Preparation of TCA extracts. Preliminary experiments showed that the antigen concentration in extracts prepared as described by van den Ende (1952) was inadequate for gel precipitin tests. Larger quantities of culture were therefore used for these experiments and the antigen extracts were concentrated before being tested. The selected strains were grown in oxygenated H.I.D. medium (Mead & van den Ende, 1953) , at 37" for 15 hr in 700 ml. volumes in 1 1. bottles; tributyl phosphate was used as antifoam. The bacteria were collected by centrifugation at 5000 rev./min. for 30 min. in a refrigerated angle-head centrifuge, washed twice in ice-cold distilled water and resuspended in 10 ml. ice-cold 0.25 N-trichloroacetic acid/g. wet wt bacteria (Boivin & Mesrobeanu, 1933) . The mixture was stirred at 0-4" for 3 hr and then centrifuged in a refrigerated centrifuge at 3000 rev./min. for 30 min. or until the supernatant fluid was clear; this was then treated with 0-5 vol. pre-cooled 0.5 M-Na,HPO,, and adjusted to pH 7-2 with 0-25 N-NaOH.
The extracts were dialysed for 2 days against four changes of distilled water containing 0.01 % (w/v) thiomersalate, concentrated by pervaporation to about 5 ml.
and freeze-dried. For Ouchterlony experiments the dried extract from 2 g. wet bacteria was redissolved in 0.2 ml. complement fixation titration (c.f.t.) saline (Mayer, Osler, Bier & Heidelberger, 1946) . Preparation of a concentrated multivalent antiserum and concentration of individual antisera. To aid detection by gel precipitin tests of as many antigens as possible, a mixture was prepared of 1 ml. of each of six H antisera, each representative of one of the serological groups of van den Ende (1952). The antisera selected were those against the strains: E 52 (group I), E8 (group 11), E 55 (group 111), E 5 (group IV), E 1 (Group V),
~5 8
(group VI). The globulin fraction was precipitated from the mixed sera by adding 0.5 vol. saturated (NH3,S04, the mixture being left at room temperature for 3 hr. The precipitate was collected by centrifugation at 6000 rev./min. for 30min. and redissolved in 1.0 ml. distilled water. The solution was dialysed in a refrigerator against 500 ml. 0.87 % (w/v) NaCl containing 0-01 %(w/v) thiomersalate for 3 days, the saline being changed at the onset of the second and third days. Finally, the solution (vol. 4.5 ml.) was dialysed for 1 day against saline, diluted 1/10, and freeze-dried. The residue was redissolved in 0.5 ml. distilled water containing 0.01 % (w/v) thiomersalate as preservative. Each of the six antiserum samples was therefore twice concentrated. Each of the six individual antisera was also concentrated twice by freeze-drying and redissolving in half the original volume of water containing 0.01 %(w/v) thiomersalate.
Micro-Ouchterlony experiments. These were carried out in a gel of 1 % (w/v) washed agar (Dulbecco & Vogt, 1954) in 0.87 % (w/v) NaCl on 9 x 9 cm. glass plates. The plates, laid on a level surface, were completely covered with a 1 % (w/v) solution of washed agar in distilled water which was allowed to dry to a thin film at 37" overnight. The surface of each plate was then sprinkled with a few granules of thiomersalate powder and carefully covered with 17.0 ml. of a hot solution of 1 % washed agar in 0.87 % (w/v) NaCl to give a layer 2 mm. thick. Holes of 2 mm. diameter were cut in the agar with a small cutter. Sets of six holes were arranged hexagonally with a seventh in the centre. The distance between the centres of each pair of holes was 5 111111. The holes on the outside were filled with solutions of the antigens under test and the centre one with concentrated immune serum. The plates were kept in a moist chamber and examined every day with a magnifying lens, for lines of precipitate which were recorded on a drawing.
After complete development of the lines, the plates were washed with 0.87 % (w/v) NaCl containing 0.01 % (w/v) thiomersalate for 2 days and stained for 24 hr with 0.002 % (w/v) nigrosine in 2 % (v/v) acetic acid in water. Finally, the plates were washed in 2 % acetic acid for 6 hr and the lines again recorded by drawing as well as photographing.
Immuno-electrophoresis. The method used was based on that of Grabar 8c Williams (1955). A thin glass plate, 7.7 cm. x 25.5 cm., was covered with hot 1 % (w/v) aqueous agar (washed agar) which was allowed to dry at 37" overnight. The plate was then covered with enough hot 1-5 % (w/v) solution of washed agar in sodium diethylbarbiturate HC1 buffer (PH 8.2, ionic strength 0.05; Grabar & Williams, 1955) to give a layer about 1 mm. thick. When the gel had set, five holes, 1 mm. in diameter and 11 mm. apart, were punched in the agar in a straight transverse line near the centre of the plate. Each hole was filled with the concentrated TCA extract of one Pseudomonas aeruginosa strain prepared as previously described. The plate was placed on the watercooled floor of an enclosed Perspex apparatus resembling that of Paigen (1956) . The ends of the agar were connected by several thicknesses of filter paper to large electrode vessels containing sodium diethylbarbiturate HC1 buffer (PH 8.2, ionic strength 0-1) to which thiomersalate, 0.01 % (w/v), had been added. With cooling water at 5-10' flowing through the floor of the covered apparatus, a direct current of 14 mA., giving a gradient of 7-5 V/cm. in the gel, was applied for 1.5 hr. The plate was then removed and four grooves, 1 mm. wide, were cut in the agar parallel to the long axis between and equidistant from each pair of holes. Each groove was filled with a different twice-concentrated H antiserum. The plate was kept in a moist chamber and examined daily for lines of precipitate, which were recorded. After a week the plate was washed and stained and the lines recorded, the procedure in each case being the same as that described for Ouchterlony experiments.
RESULTS

Agglutination and precipitin tests
In the first series with the sera of van den Ende (1952) many cross-reactions were observed, though in most cases these involved only trace reactions. From the results as a whole, 37 of 60 strains were shown to fall into one or another of the six van den Ende serological groups; for the rest a definite grouping was impossible.
In the cross-agglutination and precipitin experiments with the 14 newly prepared antisera, only the homologous strains were used. Because of many cross-reactions a clear-cut delimitation into groups was impossible in the case of H agglutination. The results of 0 agglutination suggested a definite grouping into at least five of the serological groups. Notwithstanding more abundant cross-reactions, in most cases only traces, the results of the precipitin reactions agreed well with those of 0 agglutination.
Ouchterlony precipitin experiments
For these experiments eight strains, thought to be representative of five serological groups, were selected and concentrated TCA extracts were prepared. These strains were: ~5 2 (group I), ~5 5 (group 111), E 5, E 16 and ~5 6 (group IV), E 1 (group V), ~3 6 and ~5 8 (group VI). It was frequently observed that lines which were single when first formed split to form double lines within periods varying between 7 hr and 3 days after the plates had been put up. Furthermore, on keeping the plates for several days, some of the lines which were definitely seen after 1 or 2 days either disappeared or were in the process of fading.
Precipitin tests with multivalent antiserum
In the first experiment (Fig. 1 ) the TCA extracts of strains E 1 and ~5 were allowed to react with the multivalent antiserum (MS). In the first plate every alternate well was filled with extract of ~l , the first with concentrated, the third with a 1/2 and the fifth with a 1/4 dilution of the extract. On the second plate the same procedure was followed with the extract of E 5, while on the third plate the extracts of both strains were put up. and that of ~5 produced two. One of the latter two lines appeared to join up with one line of E 1 while the second line crossed all the lines of E 1. These results suggest the presence of at least five antigens in E 1 and three in E 5 of which one is common.
In performing experiments with the eight selected strains, the design was such that each extract was in turn next to each of the other extracts. The extracts of all the strains, with the exception of E 58, each produced a line near the antigen well which eventually split up into two. For each extract these lines joined up with those of every other extract except for strain ~5 where identity with the lines of strains ~3 6 , ~5 2 and E55 was uncertain. For the latter three strains, however, like that of ~5 , the lines joined up with the corresponding lines of all the other strains. Furthermore, against the a n t i 4 serum (see next section) all the extracts, except that of ~5 8 , produced two similar lines which clearly joined up with one another.
In addition to the above-mentioned line the extracts of the various strains produced lines as follows:
TCA extracts of E I and ~3 6 . Each produced one line which joined up with one an other.
TCA extracts of ~5 and ~1 6 . One exclusive line was produced by each. TCA extract of ~5 2 .
Two additional exclusive lines were produced. TCA extract of ~5 8 .
Altogether three exclusive lines were produced. The results of these tests are summarized in Table 1 .
Precipitin tests with concentrated individual antisera
The eight extracts described above were also used in Ouchterlony tests against each of the six individual H antisera, which had been included in the multivalent antiserum.
Against its homologous antiserum, the extract of E 1 produced three lines. These appear to be different from those which were observed against the multivalent antiserum; their separation was incomplete and they presumably obscured the double 7-2 D. VAN EEDEN line which, apparently, is common to all the strains except ~5 8 .
Against this antiserum the extracts of the other strains, with the exception of ~5 8 , each produced a double line near the antigen well and in each case it clearly joined up with those of every other extract. The following additional lines were produced against anti-El serum by the various strains : one line by and common to ~5 and E 16 but not identical to any of the lines formed by E 1 ; one by and common to ~5 2 and E 1 ; a double line by ~3 6 . Apparently it was the latter line which appeared as a single line against the multivalent antiserum. No lines were produced by the extract of ~5 8 .
All the antigens which were demonstrated against this antiserum must be present in ~l otherwise the antiserum could not have showed them up.
The results produced against the remaining five antisera, as well as those described above, are summarized in Table 2 . All other strains *Double lines were observed so two distinct antigens may be present.
Immuno-electrophoresis
In these experiments the TCA extracts of strains ~1 , ~5 , ~1 6 , ~3 6 , ~5 5 and ~5 8 were used. The concentrated H antisera were those prepared against strains E 1, ~8 , ~5 , ~5 2 , ~5 5 and ~5 8 thought to be representative of different serological groups. TCA extract of E I . Four lines, a, b, c and d, were produced against the homologous antiserum. Two, a and b, were located towards the positive electorde, c close to the starting-point and d towards the negative electrode. Line a, although continuous, produced two peaks, one at the starting-point and the other markedly towards the positive electrode, suggesting the presence of two electrophoretic components with the same immunological determinant groups.
Antigens of P. aeruginosa 101
Against anti-E8 serum lines identical to a, b and c were produced. Each of the antisera against E 5, E 52 and E 55 produced one line apparently corresponding to a.
Thus at least four antigens were revealed in E 1 of which at least one is common to E5, ~5 2 and ~5 5 and three to ~8 since it was shown up by their homologous antisera. TCA extract of 135. Against the homologous antiserum two lines, e a n d 5 were produced which behaved similarly to a and c respectively of E 1. Identical lines were formed with anti-El serum. At least two antigens have, therefore, been shown to be common to E 1 and ~5 . One with each of E 1 and ~5 2
One each with E 1 and ~5 8
TCA extract of ~1 6 . With the anti-a5 serum three lines, g , h and i, were produced. Both g and i showed two peaks but the former was located towards the positive and the latter towards the negative electrodes. Line h was situated towards the positive electrode. The antisera against E 1 and ~5 2 each produced one line; for the former similar to g and for the latter to h. This strain must contain at least three antigens, all of which are common to 135 since they were detected by using anti-E5 serum. One of these is shared by ~l and another by E 52. TCA extract of ~3 6 . Both the antisera against E 5 and E 8 produced two lines, j and k, in similar positions; the former towards the positive electrode and the latter at the starting point. The antisera against ~l and ~5 8 each produced a line similar to j. The presence of two antigens, both common to ~5 , were, therefore, revealed. It also shares one antigen with each of E 1 and E 58.
TCA extract of ~5 5 . Two lines, I and m y were produced against the homologous serum only. The former, which showed evidence of having two peaks, was located towards the positive electrode.
TCA extract of ~5 8 .
Only the homologous antiserum reacted to produce a broad, diffuse line running from the origin to a point about 1-4 cm. towards the negative electrode. At this point it split up into at least two lines, n and 0, both of which were convex towards the serum groove. A third line, p , distinct but broad with diffuse edges, was formed still further away on the cathode side.
The results of these experiments are summarized in Table 3 .
DISCUSSION
Since Pseudomonas aeruginosa is liable to variation on repeated cultivation in the laboratory (Christie, 1948) , serial subculture was avoided. Tests were restricted to those strains which survived drying and a fresh subculture from a dried pellet was used for every experiment. Other difficulties were :
(i) Variation in the number and nature of the antigens produced by one strain under different cultural conditions, sometimes but not always due to selection of mutants (see for example Pirt, Thackeray & Harris-Smith, 1961) . Although the conditions used by me were probably uniform, a complete investigation might call for the use of a variety of culture techniques.
(ii) The limits of concentration at which the antigen could be detected; the more concentrated the bacterial extract (and antiserum) used for the test, the more numerous the lines which appeared.
(iii) The choice of extractant for the antigens. Kohler (1957) preferred the Fuller formamide method to the Lancefield method because it extracted the minimum number of antigens needed to give clear-cut results in his investigation. Boivin & Mesrobeanu's (1 937) trichloroacetic acid method was used for the present work because of the experience already gained with it in this laboratory.
Agglutination and precipitin tests. In contrast to the results recorded by van den Ende (1952) , the present precipitin tests with TCA extracts did not give such a clear picture. If these tests alone are taken as the basis for grouping, only 37 of 60 strains can be placed into groups. When these extracts were later submitted to the Ouchterlony technique, it appeared that their antigen contents were rather low. It is possible that precipitin tests with more concentrated extracts might have allowed more of the new strains to be grouped.
Although the percentage of strains which could be grouped was much lower than van den Ende's (1952) , these results confirm his finding that at least six groups can be distinguished on the basis of precipitin tests with TCA extracts. The agglutination and precipitin tests with the 14 selected strains confirmed the existence of at least five groups, but it proved impossible to differentiate between strains E 1 , ~6 , ~8 and ~4 2 .
Ouchterlony digusion tests. Two of the more unfortunate phenomena found in Ouchterlony diffusion tests occurred with my Pseudomonas reagents : (a) the disappearance of lines of precipitate was occasionally observed; such lines gradually faded; (b) the splitting of lines of precipitate was frequently observed. Initially single lines subsequently split to form double lines. Wilson & Pringle (1954 observed the formation of multiple lines with advancing development and at very high relative concentrations of one of the reagents. Korngold & van Leewen (quoted from Kabat & Mayer, 1961, p. 89) attribute this effect to diffusion of excess antigen beyond the original line of specific precipitate to broaden the band or to form a second band. In my plates the strength and distance from the antigen well of many of the lines concerned is suggestive of a low antigen concentration rather than antigen excess. In these experiments mixtures of antigens were examined and it is not unlikely that two antigens having almost the same diffusion coefficient may, initially, form lines in the same position but that, given sufficient time, they may move further apart. Preference is therefore given to the interpretation that, in these experiments, double lines imply the presence of two antigens. In view of the possibility, however, that double lines may indicate the presence of one antigen only, the minimum numbers of antigens which were observed, and their distribution, in the eight strains tested are shown in Table 4 . and ~5 and E 16 and between ~3 6 and ~5 8 are shown up. Immuno-electrophoresis. These results confirmed those of the Ouchterlony experi-ments in showing that the strains investigated yielded many antigens of which several were common to more than one strain. For example, each of the strains, with the exception of ~5 8 , shared at least one antigen with E 1.
Conclusions
Ouchterlony and immuno-electrophoresis experiments confirmed the multiplicity of antigens in Pseudomonas aeruginosa and the existence of five out of the six serological groups of van den Ende (1952) .
Unless double lines in the Ouchterlony experiments indicate two antigens, 12 different TCA extracted antigens were demonstrated. Of these, seven were peculiar to certain strains, each thought to be representative of a different serological group, namely 2 to E 1 , 1 to E 5, 1 each to E 52 and E 55 and 2 to E 58. Immuno-electrophoresis also indicated the presence of at least one antigen peculiar to each of strains E 1 , E 16, ~5 5 and ~5 8 . The cross-reactions which were observed in the preliminary precipitin tests are explicable in terms of the common antigens. An investigation of more strains out of each serological group may provide evidence that those antigens found to be peculiar to certain strains are the ones by virtue of which grouping is possible. These results extend those of van den Ende (1952) and emphasize the limitations of simple precipitin tests for demonstrating serological relationships. This paper is based on a thesis submitted to the University of Cape Town, South Africa, in fulfilment of the requirements for the degree of Doctor of Philosophy. 
